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(57) ABSTRACT

A method 1s directed to tuning a haptic actuator that includes
a housing having a ferromagnetic mass, a coil carried by the
housing, and a field member movable within the housing
responsive to the coil. The haptic actuator 1s operative as a
resonator and has an mnitial quality (Q) factor. The method
may include determining whether the initial Q factor 1s
within a desired Q factor range, and when the initial Q factor
1s not within the desired Q factor range, performing ferro-
magnetic mass change iterations until an updated Q factor 1s
within the desired Q factor range. Each ferromagnetic mass
change iteration may include changing the ferromagnetic
mass of the housing, determinming the updated Q) factor based
upon changing the ferromagnetic mass of the housing, and
determining whether the updated Q factor i1s within the
desired (Q factor range. Another embodiment changes the
ferromagnetic mass of the field member.

26 Claims, 12 Drawing Sheets
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ELECTRONIC DEVICE
9—"1 (E.G., WEARABLE DEVICE, CELLPHONE, TABLET, ETC.)

DISPLAY 23
25
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oag___4—1 INPUT DEVICE (EG, INPUTDEVICE(EG, || | 9a
PUSHBUTTON SWITCH) ROTARY DIAL}

TROLLE
. FEIIIEII?I{{[’)ANM LEAST ONEC\%QB.%% §0MMUNICATION
*SELECTIVELY OPERATE THE HEPATIC ACTUATOR (E.G., BASED
UPON INPUT, A MESSAGE RECEIVED, ETC.)

22

" HAPTIC ACTUATOR
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FIG. 2



US 10,120,448 B2

£ 9l
IS o
\ Y S

157~ (S3)SSYW
. _ VNI (11
m qi9—
& (S)110)
:
rd

b
/€

U.S. Patent

0$

D|9



US 10,120,448 B2

Sheet 4 of 12

Nov. 6, 2018

U.S. Patent

8y

1S

y y I

(40D D TYLLIN]
NV ONIAVH ONY JOLVNOS3Y V SY JALLYH3A0 ‘SSYW DLLINOYWOUYZ ONISNOH HLIM)
ININNL INTING YOLYNLIV ILAVH

(1090Y ¥3SV1 “9°3) DIMQ

INIINVH) SSVW INISNOH [SRIOSN3S

(008 DILINIYWOYYI V INIAQY 'SSYW ILINOVWOUY3

ONILYTEY ¥ISVT ‘SSYW JTLINOVWOUYIS JAOWIY 'SSYW uEzw<so§m_“_ 1y "9°3) SSYW

JIINOYWOUYI] 4I¥1S30 3HL 0L (WOLLOG ¥0/ANY dOL "9'3) INISNOH JHL 40 SSYW
JILANIVWOYEIS IVILINI 3H) JINVH) 01 DIMA INIINVH) SSVW 3HL HIIM 11Vd3d00) o

($1-8 40 JONVY Y NI "9'3) Y0DV4 D Q341530 V 01 Y0DVA
O TVILINI JH1 INNL OL INISNOH JHL 404 SSYW JILINIVWONY¥IS A¥ISIA V INIWYILI( ©

(JUNSVAW LVINDTY) "973) 4OLYNDY JILdVH IHL 10 40DV (D)
ALTTVAD TVILINI HL INIWY3130 OL YOSNIS INO 1SV31 1V FHL H1IM 31VHId00) o

43T1I041NOD ININNL

OF

Ly

ey



U.S. Patent Nov. 6, 2018 Sheet 5 of 12 US 10,120,448 B2

DETERMINE AN INITIAL Q FACTOR OF THE HAPTIC ACTUATOR, E.G., USING A
SENSOR /4

DETERMINE A DESIRED FERROMAGNETIC MASS FOR THE HOUSING TO

TUNE THE INITIAL Q FACTOR TO TO A DESIRED Q FACTOR 76
/8
ADD OR
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80
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METHOD OF TUNING A HAPTIC
ACTUATOR INCLUDING FERROMAGNETIC
MASS CHANGE ITERATIONS AND
RELATED APPARATUS

TECHNICAL FIELD

The present disclosure relates to the field of electronics,
and, more particularly, to the field of haptics.

BACKGROUND

Haptic technology 1s becoming a more popular way of
conveying information to a user. Haptic technology, which
may simply be referred to as haptics, 1s a tactile feedback
based technology that stimulates a user’s sense of touch by
imparting relative amounts of force to the user.

A haptic device or haptic actuator 1s an example of a
device that provides the tactile feedback to the user. In
particular, the haptic device or actuator may apply relative
amounts of force to a user through actuation of a mass that
1s part of the haptic device. Through various forms of tactile
teedback, for example, generated relatively long and short
bursts of force or vibrations, information may be conveyed
to the user.

SUMMARY

A method of tuning a haptic actuator may include a
housing having a ferromagnetic mass, at least one coil
carried by the housing, and a field member movable within
the housing responsive to the at least one coil. The haptic
actuator may be operative as a resonator and having an
mitial quality (QQ) factor. The method may include deter-
mimng whether the mitial Q factor 1s within a desired QQ
tactor range. The method may also include, when the mitial
Q factor 1s not within the desired Q factor range, performing
at least one ferromagnetic mass change iteration until an
updated Q factor 1s within the desired Q factor range. The at
least one ferromagnetic mass change iteration may include
changing the ferromagnetic mass of the housing, determin-
ing the updated Q factor of the haptic actuator based upon
changing the ferromagnetic mass of the housing, and deter-
mimng whether the updated Q factor 1s within the desired Q)
factor range. Accordingly, the haptic actuator may be tuned
to a desired (Q factor range, for example, to reduce friction
caused by misalignments and/or non-uniformity of magnetic
forces, the reduced friction of which may reduce failure rates
of the haptic actuator.

Changing the ferromagnetic mass of the housing may
include adding ferromagnetic mass to the housing. Changing
the ferromagnetic mass of the housing may include remov-
ing ferromagnetic mass from the housing. Removing ferro-
magnetic mass from the housing may include laser ablating,
ferromagnetic mass from the housing, for example.

Changing the mitial ferromagnetic mass of the housing
may include adding a ferromagnetic body to the housing, for
example. The desired Q factor range may be between 8 and
15, for example.

The housing may have a top and a bottom. Changing the
ferromagnetic mass of the housing may include changing the
ferromagnetic mass of one of the top and bottom of the
housing, for example. The ficld member may 1include at least
one permanent magnet and at least one mass coupled
thereto.

Another method aspect 1s directed to method of tuning a
haptic actuator that may include a housing, at least one coil
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2

carried by the housing, and a field member movable within
the housing responsive to the at least one coil and having a
ferromagnetic mass. The haptic actuator may be operative as
a resonator and having an mitial quality (Q) factor. The
method may include determining whether the nitial QQ factor
1s within a desired Q factor range. The method may also
include, when the mitial QQ factor 1s not within the desired QO
factor range, performing at least one ferromagnetic mass
change iteration until an updated (Q factor 1s within the
desired Q factor range. The at least one ferromagnetic mass
change iteration may include changing the ferromagnetic
mass of the field member, determining the updated Q factor
of the haptic actuator based upon changing the ferromag-
netic mass of the field member, and determiming whether the
updated Q factor 1s within the desired Q factor range.

A device aspect 1s directed to an apparatus for tuning a
haptic actuator that includes a housing having a ferromag-
netic mass, at least one coil carried by the housing, and a
field member movable within the housing responsive to the
at least one coil. The haptic actuator i1s operative as a
resonator and having an mitial quality (Q) factor. The
apparatus may include at least one sensor, a mass changing
device, and a controller. The controller may be capable of
cooperating with the at least one sensor to determine
whether the 1mitial Q factor 1s within a desired Q factor
range, and when the mnitial Q factor 1s not within the desired
Q factor range, performing at least one ferromagnetic mass
change iteration until an updated (Q factor 1s within the
desired Q factor range. The at least one ferromagnetic mass
change iteration may include cooperating with the mass
changing device to change the ferromagnetic mass of the
housing, cooperating with the at least one sensor to deter-
mine the updated (Q factor of the haptic actuator based upon
changing the ferromagnetic mass of the housing, and deter-
mining whether the updated Q factor 1s within the desired Q)
factor range.

Another device aspect 1s directed to an apparatus for
tuning a haptic actuator that includes a housing, at least one
coil carried by the housing, and a field member movable
within the housing responsive to the at least one coil and
having a ferromagnetic mass. The haptic actuator 1s opera-
tive as a resonator and having an mitial quality (Q) factor.
The apparatus may include at least one sensor, a mass
changing device, and a controller. The controller may be
capable of cooperating with the at least one sensor to
determine whether the 1mitial Q factor 1s within a desired QQ
factor range, and when the mnitial QQ factor 1s not within the
desired Q factor range, performing at least one ferromag-
netic mass change iteration until an updated (Q factor 1s
within the desired QQ factor range. The at least one ferro-
magnetic mass change iteration may include cooperating
with the mass changing device to change the ferromagnetic
mass ol the ficld member, cooperating with the at least one
sensor to determine the updated (Q factor of the haptic
actuator based upon changing the ferromagnetic mass of the
field member, and determining whether the updated Q factor
1s within the desired Q factor range.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of an electronic device
including a haptic actuator according to an embodiment.

FIG. 2 1s a schematic block diagram of the electronic
device of FIG. 1.

FIG. 3 1s a schematic side view of the haptic actuator of
FIG. 1.
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FIG. 4 1s schematic block diagram of an apparatus for
tuning a haptic actuator according to an embodiment.

FIG. 5 1s a flow diagram illustrating a method of tuning
a haptic actuator using the apparatus of FIG. 4.

FI1G. 6 is a graph of illustrating simulated momentum of >
an untuned haptic actuator and an untuned haptic actuator
according to an embodiment.

FIG. 7 1s a schematic block diagram of an apparatus for
tuning a haptic actuator according to another embodiment.

FIG. 8 1s a flow diagram illustrating a method of tuming
a haptic actuator using the apparatus of FIG. 7.

FIG. 9 1s a schematic block diagram of an apparatus for
tuning a haptic actuator according to another embodiment.

FIG. 10 1s a flow diagram 1llustrating a method of tuning,
a haptic actuator using the apparatus of FIG. 9.

FIG. 11 1s a schematic block diagram of an apparatus for
tuning a haptic actuator according to another embodiment.

FI1G. 12 1s a flow diagram 1llustrating a method of tuning
a haptic actuator using the apparatus of FIG. 11. 20

10

15

DETAILED DESCRIPTION

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in 25
which preferred embodiments of the invention are shown.
This invention may, however, be embodied 1n many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete, 30
and will fully convey the scope of the mvention to those
skilled 1n the art. Like numbers refer to like elements
throughout and prime notation and numerals 1n increments
of 100 are used to refer to like elements i1n different
embodiments. 35

Referring mitially to FIGS. 1 and 2, an electronic device
20 1llustratively includes a device housing 21 and a control-
ler 22 carried by the device housing. The electronic device
20 1s 1illustratively a mobile wireless communications
device, for example, a wearable wireless communications 40
device, and includes a band 28 or strap for securing it to a
user. The electronic device 20 may be another type of
clectronic device, for example, a cellular telephone, a tablet
computer, a laptop computer, etc.

Wireless communications circuitry 25 (e.g. cellular, 45
WLAN Bluetooth, etc.) 1s also carried within the device
housing 21 and coupled to the controller 22. The wireless
communications circuitry 25 cooperates with the controller
22 to perform at least one wireless communications func-
tion, for example, for voice and/or data. In some embodi- 50
ments, the electronic device 20 may not include wireless
communications circuitry 235.

A display 23 1s also carried by the device housing 21 and
1s coupled to the controller 22. The display 23 may be a
liquad crystal display (LCD), for example, or may be another 55
type of display, as will be appreciated by those skilled 1n the
art.

Finger-operated user input devices 24a, 245, 1llustratively
in the form of a pushbutton switch and a rotary dial are also
carried by the device housing 21 and i1s coupled to the 60
controller 22. The pushbutton switch 24a and the rotary dial
24b cooperate with the controller 22 to perform a device
function 1n response to operation thereol. For example, a
device function may include a powering on or off of the
clectronic device 20, imtiating communication via the wire- 65
less communications circuitry 25, and/or performing a menu
function.

4

The electronic device 20 illustratively includes a haptic
actuator 40. The haptic actuator 40 1s coupled to the con-
troller 22 and provides haptic feedback to the user in the
form of relatively long and short vibrations or “taps”,
particularly when the user 1s wearing the electronic device
20. The vibrations may be indicative of a message received,
and the duration of the vibration may be indicative of the
type ol message received. Of course, the vibrations may be
indicative of or convey other types of information. More
particularly, the controller 22 applies a voltage to move a
moveable body or masses between {first and second posi-
tions.

While a controller 22 1s described, it should be understood
that the controller 22 may include one or more of a processor
and other circuitry to perform the functions described herein.

Referring now additionally to FIG. 3, the haptic actuator
40 includes an actuator housing 41 and a coil 44 carried by
the actuator housing. Of course, there may be more than one
coil carried by the housing 41. The actuator housing 41
includes ferromagnetic material.

A field member 50 1s movable within the housing 21
responsive to the coil 44. The movement of the field member
50 creates the haptic feedback, or tapping, as will be
appreciated by those skilled in the art. While the movement
of the field member 50 may be described as being moveable
in one direction, 1.e., a linear haptic actuator, 1t should be
understood that 1n some embodiments, the field member
may be movable 1n other directions, 1.¢., an angular haptic
actuator, or may be a combination of both a linear and an
angular haptic actuator. The field member 50 may 1nclude a
mass 57. The mass 57 may be shaped for or have a particular
mass amount for a particular haptic sensation or desired
application. Of course, there may be more than one mass 57.

The ficld member 50 also includes a permanent magnet 46
adjacent the coil 44. More than one permanent magnet 46
may be included. The permanent magnet 46 is 1llustratively
coupled to the mass 57.

It should be understood that in some embodiments, the
clectromagnetic (or coil 44) may be swapped with the
permanent magnet 46. In other words, the field member may
include the coil 44 and the mass 57 that 1s movable within
the housing 21 and the permanent magnet may be stationary
within the housing.

The haptic actuator 40 also includes biasing members
between the field member 50 and the actuator housing 41,
which are illustratively in the form of springs 61a, 615
defining part of a suspension system. The biasing members
may be other types of biasing members, for example, coil
springs, leal springs, and flexures. The springs may also or
additionally include magnetic springs that, through interac-
tion with the permanent magnet(s) 46 and/or ferritic parts of
the actuator housing 41, 11 any, store and amplify the energy
in the form of elastic/magnetic energy. The springs 61a, 615
provide biasing of the field member in an initial at-rest
position.

The suspension system may also include shafts, linear/
angular bearings, sliding bearings, flexures, multi-bar link-
age mechanisms, and other springs that may enable motion
of the ficld member 50 in the desired direction (e.g. X axis
in a linear actuator or around a certain axis in an angular
actuator) while constraining motion 1 other degrees of
freedom. The suspension system may include other and/or
additional components for maintaining the suspension of the
fiecld member 50 as well as constrain movement of the field
member.

The haptic actuator 40 also includes mechanical limit

stops 45a, 455 defined between the housing 41 and the field
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member 50. The mechanical limit stops 435a, 455 limit the
movement of the field member to a desired range and/or stop
the field member 50. It will be appreciated by those skilled
in the art that the mechanical limit stops 45a, 456 can be
separate from actuator housing 41 or part of the actuator
housing.

As will be appreciated by those skilled in the art, the
haptic actuator 1s operative as a resonator, and has an 1nitial
quality (Q). A Q factor 1s a dimensionless parameter that
describes the damping of a resonator and characterizes its
bandwidth relative to 1ts center frequency. The Q factor of
the haptic actuator 40 may change over time. For example,
dropping the haptic actuator 40 may cause a change in the
Q factor. The performance of the haptic actuator 40 may also
be significantly impacted by any imperfection in part geom-
etry, material properties, and assembly, which may make
production vyield relatively low and relatively expensive.

Moreover, even a “perfect” haptic actuator (e.g. at the
actuator level) may become problematic (e.g. noisy, sticky,
ctc.) after installation 1n the system as a result of interactions
(mechanical, magnetic, etc) between the actuator and system
or electronic device (e.g., dropping as noted above).

However, 1t may be not be feasible to replace the haptic
actuator after being assembled 1n the electronic device. After
assembly 1n the electronic device, any problem with the
haptic actuator (e.g., loud acoustic noise, stiction, low Q
factor) would generally mean failure of the system.

A Iriction force generally comes from the imbalance of
the force on the moving part (1.e., field member 50) of the
haptic actuator as a result of misalignment of parts and
assembly, non uniformity of magnetic forces, etc. As a result
of this imbalance/misalignment, a normal force may be
exerted, for example, by any bearings, and proportionally, a
tfriction force on the field member 50. This increased friction
force may be the dominant damping force and may deter-
mine the Q factor, breakaway voltage, and how “sticky”™ any
vibe 1s. Accordingly, 1f the total force 1s reduced, for
example, by compensating for the misalignment forces with
external forces, and/or changing the magnetic boundary
condition, the forces may be balanced to reduce any friction.

Referring now additionally to FIG. 4 and the flowchart 70
in FIG. 5, an apparatus and method for tuning the haptic
actuator 40 to a desired Q factor, for example, post-assem-
bly, will now be described. Beginning at Block 72, the
method includes, at Block 74, determining the initial Q
factor of the haptic actuator 40. This may be done with a
sensor 47 coupled to a tuning controller 43. The sensor 47
may measure one or more parameters of the haptic actuator
40 which may be used by the tuming controller 43 to
calculate the mitial Q factor. More than one sensor 47 may
be used to determine the mitial QQ factor.

At Block 76, using the tuning controller 43, a desired
ferromagnetic mass 1s determined for the actuator housing
41 to tune the imtial Q factor to a desired Q factor. The
desired Q factor may be predetermined based upon the type
ol haptic actuator, for example. The desired QQ factor may be
between 8 and 15, for example. Other () factor ranges may
be desired, for example, based upon the type, shape, and
application of the haptic actuator.

The tuning controller 43 cooperates with a mass changing
device 48 to change the initial ferromagnetic mass of the
actuator housing 41 to the desired ferromagnetic mass. More
particularly, at Block 78, the tuming controller 43 determines
whether the initial ferromagnetic mass of the housing 1s to
be increased or decreased. Where 1t has been determined that
the 1nitial ferromagnetic mass 1s to be increased (Block 78),
the tuning controller 43 cooperates with the mass changing
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device 48 to add ferromagnetic mass, for example in the
form of ferromagnetic bodies 37 (FIG. 3), to the actuator
housing 41 (Block 80). In some embodiments, ferromag-
netic mass may be added to top 51 and/or bottom 52 of the
actuator housing 41 which may include ferromagnetic mate-
rial, for example. The corresponding mass changing device
48 may be a device that positions and secures the ferromag-
netic bodies 37 to the actuator housing 41, for example, at
one or more locations, for example, at the corners, that may
allect the ferromagnetic mass to achieve the desired
factor. Of course, ferromagnetic mass may be added any-
where on the actuator housing 41. The process of adding
ferromagnetic mass to the actuator housing 41 may be
conceptually described along the lines of adding weights to
tires of an automobile for balancing the tire.

Where it has been determined that the 1mitial ferromag-
netic mass 1s to be decreased (Block 78), the tuning con-
troller 43 cooperates with the mass changing device 48 to
remove ferromagnetic mass from the actuator housing 41
(Block 82) leaving a recess 38 (FIG. 3) in the housing. The
corresponding mass changing device 48 may be a laser, for
example, for laser ablating portions of the actuator housing
41. Ferromagnetic mass may be removed at one or more
locations that may aflect the ferromagnetic mass to achieve
the desired Q factor, for example, from the top 51 and/or
bottom 52 of the actuator housing 41, which may include
ferromagnetic material. The portions of the actuator housing
41 to be laser ablated may be predetermined, for example,
the corners of the actuator housing 41. Of course, ferromag-
netic mass may be removed from anywhere on the actuator
housing 41.

In some embodiments, ferromagnetic mass may be added
to one side or portion of the actuator housing 41 while
ferromagnetic mass may be removed from another side or
portion of the actuator housing to achieve the desired Q
factor. The method ends at Block 88.

Simulations were conducted using haptic actuators that
had a relatively large misalignment force that reduced the
cellective Q factor from ~14 down to 4-7. During simula-
tions, a relatively small magnet was added to the actuator
housing. The position of the small magnet was moved until
a relatively large, for example, a maximized, Q factor was
achieved. Thus, an effective Q factor of 12.5 was able to be
achieved (Iriction Q of 80-120 considering the electrome-
chanical damping) or basically almost no friction 1n com-
parison with EM damping.

Referring to the graph 535 1n FIG. 6, the line 56 shows the
simulated momentum for haptic actuator without tuning,
while the line 58 shows the same simulated momentum for
haptic actuator with tuning. Illustratively, the friction force
and breakaway voltage 1s reduced by an order of magnitude
and haptic actuator oscillates down to relatively small ampli-

tude.

Referring now to FIG. 7 and the tlowchart 70' in FIG. 8,
another embodiment of an apparatus and method for tuning
the haptic actuator 40' to a desired Q factor will now be
described. Beginning at Block 72!, the method includes, at
Block 74', determining the mitial Q factor of the haptic
actuator 40'. This may be done with the sensor 47' coupled
to a tuming controller 43' as described above.

At Block 76', using the tuning controller 43', a desired
ferromagnetic mass 1s determined for the field member 50
to tune the 1mitial QQ factor to a desired Q factor. The desired
Q factor may be predetermined based upon the type of haptic
actuator, for example. The desired QQ factor may be between
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8 and 13, for example. Other () factor ranges may be desired,
for example, based upon the type, shape, and application of
the haptic actuator.

The tuning controller 43' cooperates with a mass changing,
device 48' to change the 1mitial ferromagnetic mass of the
ficld member 50' to the desired ferromagnetic mass. More
particularly, at Block 78', the tuning controller 43" deter-
mines whether mass 1s to be added or removed from the field
member 50' relative to the initial ferromagnetic mass. Where
it has been determined that the initial ferromagnetic mass 1s
to be increased (Block 78'), the tuning controller 43' coop-
crates with the mass changing device 48' to add ferromag-
netic mass, for example in the form of ferromagnetic bodies,
to the field member 50' (Block 80"). The corresponding mass
changing device 48' may be a device that positions and
secures the ferromagnetic bodies to the field member 50', for
example, at one or more locations, for example, the corners,
that may affect the ferromagnetic mass to achieve the desired
Q factor. Of course, ferromagnetic mass may be added
anywhere on the field member 50'.

Where 1t has been determined that the 1mitial ferromag-
netic mass 1s to be decreased (Block 78'), the tuning con-
troller 43' cooperates with the mass changing device 48' to
remove ferromagnetic mass from the field member 50
(Block 82'). The corresponding mass changing device 48
may be a laser, for example, for laser ablating portions of the
fiecld member 50'. Ferromagnetic mass may be removed at
one or more locations that may affect the ferromagnetic mass
to achieve the desired Q factor. The portions of the field
member 50' to be laser ablated may be predetermined, for
example.

In some embodiments, ferromagnetic mass may be added
to one side or portion of the field member 50' while
ferromagnetic mass may be removed from another side or
portion of the field member to achieve the desired Q factor.
The method ends at Block 88'.

Referring now additionally to FIG. 9 and the flowchart
170 1n FIG. 10, another apparatus and method for tuning the
haptic actuator 140 to a desired Q factor, for example,
post-assembly, will now be described. Beginning at Block
172, the method includes, at Block 174, determining
whether the mitial Q factor of the haptic actuator 140 1s
within a desired QQ factor range. This may be done with a
sensor 147 coupled to a tuning controller 143. The sensor
147 may measure one or more parameters of the haptic
actuator 140 which may be used by the tuning controller 143
to calculate the mnitial Q factor. More than one sensor 147
may be used to determine the mitial Q factor.

Similarly to the embodiments described above, a desired
Q factor range may be determined based upon the type of
haptic actuator, for example. The desired Q factor may be
between 8 and 13, for example. Other Q factor ranges may
be desired, for example, based upon the type, shape, and
application of the haptic actuator.

If the mitial Q factor 1s not within the desired Q factor
range (Block 175), the tuning controller 143 performs fer-
romagnetic change iterations until an updated (Q factor 1s
within the desired Q factor range. When the mitial Q factor
1s not within the desired Q factor range (Block 175), the
tuning controller 143 cooperates with the mass changing
device 148 to change the ferromagnetic mass of the actuator
housing 141.

Where 1t has been determined that the ferromagnetic mass
1s to be increased (Block 178), the tuning controller 143
cooperates with the mass changing device 148 to add
ferromagnetic mass, for example in the form of a ferromag-
netic body to the actuator housing 141 (Block 180). Ferro-
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magnetic mass may be added to the top 151 and/or bottom
152 of the actuator housing 141, which may include ferro-
magnetic material. The corresponding mass changing device
148 may be a device that positions and secures ferromag-
netic bodies to the actuator housing 141, for example, at a
grven location, for example, the corners, that may affect the
ferromagnetic mass to more closely achieve the desired O
factor. Of course, ferromagnetic mass may be added any-
where on the actuator housing 141.

Where it has been determined that the 1mitial ferromag-
netic mass 1s to be decreased (Block 178), the tuming
controller 143 cooperates with the mass changing device
148 to remove ferromagnetic mass from the actuator hous-
ing 141 (Block 182). The corresponding mass changing
device 148 may be a laser, for example, for laser ablating
portions of the actuator housing 141. Ferromagnetic mass
may be removed at a given location that may affect the
ferromagnetic mass to more closely achieve the desired O
factor, for example, from the top 151 and/or bottom 152 of
the actuator housing 141, which may include ferromagnetic
material. The portions of the actuator housing 141 to be laser
ablated may be predetermined, for example, the corners of
the actuator housing. Of course, ferromagnetic mass may be
removed from anywhere on the actuator housing 141.

In some embodiments, ferromagnetic mass may be added
to one side or portion of the actuator housing 141 while
ferromagnetic mass may be removed from another side or

portion of the actuator housing to achieve the desired Q)
factor.

Each 1teration also includes, at Block 184, determining,
using the tuming controller 143, the updated Q factor of the
haptic actuator 140 based upon the changing of the ferro-
magnetic mass ol the actuator housing 141. At Block 186,
cach iteration also includes determining, using the tuning
controller 143, whether the updated Q factor 1s within the
desired Q factor range. If the updated Q factor 1s within the
desired Q factor range (Block 186), the method ends at
Block 188. Otherwise, if the updated Q factor 1s not within
the desired Q factor range, another iteration 1s performed
(Block 178) including changing the ferromagnetic mass of
the actuator housing 141 (Blocks 180, 182), determining
another updated Q factor of the haptic actuator based upon
the further changing of the ferromagnetic mass of the
actuator housing 141 (Block 184), and determining whether
the further updated Q factor 1s within the desired Q factor
range (Block 186). It should be understood that, with each
iteration, ferromagnetic mass may be added or removed at a
different location. For example, 11 ferromagnetic mass 1s to
be added, each iteration may add a fixed size ferromagnetic
body at different locations (e.g., on the corners, top, and/or
bottom) on the actuator housing 141. Alternatively, 11 fer-
romagnetic mass 1s to be removed, segments of a fixed size
may be removed Ifrom diflerent locations (e.g., on the
corners, top, and/or bottom) on the actuator housing 141.
The process or iterations continue until the Q factor 1s within
the desired QQ factor range. The method ends at Block 188.

Referring now additionally to FIG. 11 and the flowchart
170" 1n FIG. 12, another apparatus and method for tuning the
haptic actuator 140' to a desired Q factor, for example,
post-assembly, will now be described. Beginning at Block
172', the method includes, at Block 174", determining
whether the mitial Q factor of the haptic actuator 140' 1s
within a desired Q factor range. This may be done with a
sensor 147" coupled to a tuning controller 143'. The sensor
147" may measure one or more parameters of the haptic
actuator 140" which may be used by the tuning controller
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143' to calculate the imitial (Q factor. More than one sensor
147" may be used to determine the 1nitial Q factor.

The desired Q factor range may be predetermined based
upon the type of haptic actuator, for example. The desired
factor may be between 8 and 15, for example. Other QQ factor
ranges may be desired, for example, based upon the type,
shape, and application of the haptic actuator.

If the mitial QQ factor 1s not within the desired Q factor
range (Block 175%"), the tuming controller 143" performs
terromagnetic change iterations until an updated Q) factor 1s
within the desired Q factor range. When the mnitial QQ factor
1s not within the desired Q factor range (Block 175'), the
tuning controller 143' cooperates with the mass changing
device 148' to change the ferromagnetic mass of the field
member 150" to the desired ferromagnetic mass.

Where 1t has been determined that the ferromagnetic mass
of the field member 150 1s to be increased (Block 178'"), the
tuning controller 143' cooperates with the mass changing
device 148' to add ferromagnetic mass, for example 1n the
form of a ferromagnetic body to the field member 150
(Block 182'). The corresponding mass change device 148’
may be a device that positions and secures ferromagnetic
bodies to the field member 150', for example, at a given
location that may aflect the ferromagnetic mass to more
closely achieve the desired Q factor. Of course, ferromag-
netic mass may be added anywhere on the field member
150"

Where 1t has been determined that the 1nitial ferromag-
netic mass 1s to be decreased (Block 178'), the tuning
controller 143" cooperates with the mass changing device
148' to remove ferromagnetic mass, for example, 1n a given
location from the field member 150" (Block 182'). The
corresponding mass changing device 148' may be a laser, for
example, for laser ablating portions of the field member
150'. Ferromagnetic mass may be removed at a given
location that may aflect the ferromagnetic mass to more
closely achieve the desired Q factor. Each portion of the field
member 150" to be laser ablated may be predetermined, for
example, the corers of the field member. Of course, ferro-
magnetic mass may be removed from anywhere on the field
member 150'.

Each iteration also includes, at Block 184', determining,
using the tuming controller 143", the updated Q factor of the
haptic actuator 140" based upon the changing of the ferro-
magnetic mass of the field member 150'. At Block 186, each
iteration also includes determining, using the tuning con-
troller 143', whether the updated Q factor 1s within the
desired QQ factor range. If the updated Q factor 1s within the
desired Q factor range (Block 186'), the method ends at
Block 188'. Otherwise, 1f the updated QQ factor 1s not within
the desired Q factor range, another iteration 1s performed
(Block 178" including changing the ferromagnetic mass of
the field member 150" (Blocks 180', 182'), determiming
another updated Q factor of the haptic actuator based upon
the further changing of the ferromagnetic mass of the field
member 150" (Block 184"), and determinming whether the
turther updated Q factor 1s within the desired Q factor range
(Block 186"). It should be understood that, with each itera-
tion, ferromagnetic mass may be added or removed at a
different location on the field member 150'. For example, 1
ferromagnetic mass 1s to be added, each iteration may add a
fixed size ferromagnetic body at different locations on the
field member 150'. Alternatively, 1f ferromagnetic mass 1s to
be removed, segments of a fixed size may be removed from
different locations on the field member 150'. The process or
iterations continue until the Q factor 1s within the desired Q
factor range. The method ends at Block 188'.
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Many modifications and other embodiments of the mnven-
tion will come to the mind of one skilled in the art having
the benefit of the teachings presented in the foregoing
descriptions and the associated drawings. Therefore, 1t 1s
understood that the invention 1s not to be limited to the
specific embodiments disclosed, and that modifications and
embodiments are intended to be included within the scope of
the appended claims.

That which 1s claimed 1s:

1. A method of tuning a haptic actuator comprising a
housing having a ferromagnetic mass, at least one coil
carried by the housing, and a field member movable within
the housing responsive to the at least one coil, the haptic
actuator operative as a resonator and having an 1nitial quality
(QQ) factor, the method comprising:

determining whether the mitial Q factor 1s within a

desired Q factor range; and

when the mnitial QQ factor 1s not within the desired Q factor

range, performing at least one ferromagnetic mass

change 1teration until an updated QQ factor 1s within the

desired Q factor range, the at least one ferromagnetic

mass change 1teration comprising

changing, using a mass changing device, the ferromag-
netic mass of the housing,

determining the updated Q factor of the haptic actuator
based upon changing the ferromagnetic mass of the
housing, and

determining whether the updated Q factor 1s within the
desired QQ factor range.

2. The method of claim 1 wherein changing the ferro-
magnetic mass ol the housing comprises adding ferromag-
netic mass to the housing.

3. The method of claim 1 wherein changing the ferro-
magnetic mass of the housing comprises removing ferro-
magnetic mass from the housing.

4. The method of claim 3 wherein removing ferromag-
netic mass from the housing comprises laser ablating ferro-
magnetic mass from the housing.

5. The method of claim 1 wherein changing the ferro-
magnetic mass of the housing comprises adding a ferromag-
netic body to the housing.

6. The method of claim 1 wherein the desired Q factor
range 1s between 8 and 15.

7. The method of claim 1 wherein the housing has a top
and a bottom; and wherein changing the ferromagnetic mass
of the housing comprises changing the ferromagnetic mass
of one of the top and bottom of the housing.

8. The method of claim 1 wherein the field member
comprises at least one permanent magnet and at least one
mass coupled thereto.

9. A method of tuning a haptic actuator comprising a
housing, at least one coil carried by the housing, and a field
member movable within the housing responsive to the at
least one coil and having a ferromagnetic mass, the haptic
actuator operative as a resonator and having an 1nitial quality
(QQ) factor, the method comprising:

determining whether the mitial Q factor 1s within a

desired Q factor range; and

when the mnitial QQ factor 1s not within the desired Q factor

range, performing at least one ferromagnetic mass

change 1teration until an updated QQ factor 1s within the

desired Q factor range, the at least one ferromagnetic

mass change 1teration comprising

changing, using a mass changing device, the ferromag-
netic mass of the field member,
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determining the updated Q factor of the haptic actuator
based upon changing the ferromagnetic mass of the
field member, and

determining whether the updated Q factor 1s within the
desired (Q factor range.

10. The method of claim 9 wherein changing the ferro-
magnetic mass ol the field member comprises adding fer-
romagnetic mass to the field member.

11. The method of claim 9 wherein changing the ferro-
magnetic mass of the field member comprises removing
ferromagnetic mass from the field member.

12. The method of claim 11 wherein removing ferromag-
netic mass from the field member comprises laser ablating
ferromagnetic mass {from the ficld member.

13. The method of claim 9 wherein changing the iaitial
ferromagnetic mass of the field member comprises adding a
ferromagnetic body to the field member.

14. The method of claim 9 wherein the desired Q factor
range 1s between 8 and 15.

15. An apparatus for tuning a haptic actuator comprising
a housing having an initial ferromagnetic mass, at least one
coil carried by the housing, and a field member movable
within the housing responsive to the at least one coil, the
haptic actuator operative as a resonator and having an 1nitial
quality (QQ) factor, the apparatus comprising:

at least one sensor;

a mass changing device; and

a controller capable of

cooperating with the at least one sensor to determine
whether the mitial QQ factor 1s within a desired
factor range, and
when the mitial Q factor 1s not within the desired Q
factor range, performing at least one ferromagnetic
mass change iteration until an updated Q factor is
within the desired Q factor range, the at least one
ferromagnetic mass change 1teration comprising
cooperating with the mass changing device to change
the ferromagnetic mass of the housing,
cooperating with the at least one sensor to determine
the updated Q factor of the haptic actuator based
upon changing the ferromagnetic mass of the
housing, and
determining whether the updated Q factor 1s within
the desired Q factor range.

16. The apparatus of claim 15 wherein the mass changing
device 1s capable of changing the ferromagnetic mass of the
housing by adding ferromagnetic mass to the housing.

17. The apparatus of claim 15 wherein the mass changing
device 1s capable of changing the ferromagnetic mass of the
housing by removing ferromagnetic mass from the housing.

18. The apparatus of claim 17 wherein the mass changing
device 1s capable of removing ferromagnetic mass from the
housing by laser ablating ferromagnetic mass from the
housing.
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19. The apparatus of claim 15 wherein the mass changing
device 1s capable of changing the ferromagnetic mass of the
housing by adding a ferromagnetic body to the housing.

20. The apparatus of claim 15 wherein the mass changing,
device 1s capable of changing the ferromagnetic mass of the
housing to the desired ferromagnetic mass so that the desired
Q factor 1s 1n a range between 8 and 13.

21. An apparatus for tuning a haptic actuator comprising,
a housing having an 1nitial ferromagnetic mass, at least one
coil carried by the housing, and a field member movable
within the housing responsive to the at least one coil, the
haptic actuator operative as a resonator and having an 1nitial
quality (Q) factor, the apparatus comprising:

at least one sensor;

a mass changing device; and

a controller capable of

cooperating with the at least one sensor to determine
whether the mitial Q factor 1s within a desired
factor range, and
when the mitial Q factor 1s not within the desired Q
factor range, performing at least one ferromagnetic
mass change iteration until an updated Q factor is
within the desired Q factor range, the at least one
ferromagnetic mass change 1teration comprising
cooperating with the mass changing device to change
the ferromagnetic mass of the field member,
cooperating with the at least one sensor to determine
the updated Q factor of the haptic actuator based
upon changing the ferromagnetic mass of the field
member, and
determining whether the updated Q factor 1s within
the desired Q factor range.

22. The apparatus of claim 21 wherein the mass changing
device 1s capable of changing the ferromagnetic mass of the
fiecld member by adding ferromagnetic mass to the field
member.

23. The apparatus of claim 21 wherein the mass changing
device 1s capable of changing the ferromagnetic mass of the
field member by removing ferromagnetic mass from the
field member.

24. The apparatus of claim 23 wherein the mass changing,
device 1s capable of removing ferromagnetic mass from the
housing by laser ablating ferromagnetic mass from the
housing.

25. The apparatus of claim 21 wherein the mass changing,
device 1s capable of changing the ferromagnetic mass of the
field member by adding a ferromagnetic body to the field
member.

26. The apparatus of claim 21 wherein the mass changing
device 1s capable of changing the ferromagnetic mass of the
fiecld member to the desired ferromagnetic mass so that the
desired Q factor 1s 1n a range between 8 and 15.
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